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Enhanced C3+ Alcohol Synthesis 
from Syngas Using KCoMoSx Catalysts: 









The results described in this Chapter were obtained in close collaboration with the Palkovits 
group of the RWTH Aachen University, Germany. X. Xi and F. Zeng contributed equally to this 
chapter, it is therefore part of both PhD thesis. 
 




K-Co-MoSx catalysts varying in Co content were prepared to investigate the role of Co in this 
catalyst formulation for the synthesis of C3+ alcohol from syngas. The Co-MoSx precursors 
were characterized in detail and the amount of active cobalt sulfide and mixed metal sulfide 
(Co-Mo-S) phases were shown to be a function of the Co content. The catalysts were tested 
in a continuous set-up at 360 °C, 8.7 MPa, a GHSV of 4500 mL g-1 h-1 and a H2/CO ratio of 1. 
The highest alcohol selectivity of 47.1%, with 61% in the C3+ range, was obtained using the K-
Co-MoSx catalyst with a Co/(Co+Mo) molar ratio of 0.13. These findings were rationalized 
considering the amount and interactions between cobalt sulfide and Co-Mo-S or MoS2 phases. 
Process studies followed by statistical modeling gave a C3+ alcohol selectivity of 31.0% (yield 
of 9.2%) at a CO conversion of 29.8% at optimized conditions. 
  






The depletion of fossil resources together with a strong drive to limit greenhouse gas 
emissions has led to an increasing effort in the development of sustainable and green 
transportation fuels. Well known examples are ethanol from sugars using fermentative 
approaches 1 and biodiesel from vegetable oils, 2 which have both been commercialized in the 
last decades. When considering ethanol, some disadvantages have been identified, including 
a low energy density, high vapor pressure and high water solubility, which cause corrosion 
issues when using ethanol-rich ethanol-gasoline blends. 3 These disadvantages may be 
alleviated by using C3+ alcohol, which have superior fuel properties, such as higher energy 
density, lower volatility and better solubility in hydrocarbons (HC), while at the same time 
possessing comparable octane numbers as found for gasoline. 4  
When considering chemo-catalytic routes to higher alcohols, syngas appears an interesting 
feed. 5 Various catalytic systems have been identified for this purpose. 6 Among them, 
molybdenum sulfide-based catalysts are of particular interest due to their low cost, high 
water-gas shift activity and high resistance to sulfur poisoning, 7 thus avoiding the need for 
water separation and deep desulfurization units. MoS2 alone mainly produces CO2 and 
hydrocarbons (HC) from syngas, while alkali metals, especially potassium (K) modified MoS2 
catalysts are commonly used to achieve good selectivity for alcohols. 8 K promotion 
suppresses hydrogenation of metal-alkyl species to HCs and enhances the rate of CO insertion 
in the M-alkyl bond to form metal-acyl species, which are subsequently converted to alcohols. 
9 It is proposed that KMoS2 phases, formed by the intercalation of K into the MoS2 structure, 
are responsible for the higher selectivity to alcohols when compared to MoS2 alone. 10-13  
However, K modified MoS2 catalysts normally suffer from low activity, 6 leading to relatively 
low CO conversion and thus a low yield of alcohols. Efforts have been undertaken on tailoring 
the structure of the K modified MoS2 catalysts to enhance the selectivity of C3+ alcohol. 14, 15 
In previous work from our groups, we prepared multilayer K modified MoS2 catalysts with 
well-contacted MoS2 and KMoS2 phases and showed that these catalysts lead to improved 
alcohol selectivities. 16  Another approach involves promotion by group VIII metals, such as Co 
and Ni. 7, 17-19 Especially cobalt is known to promote carbon chain growth, leading to higher 
selectivities to higher alcohols, 20, 21 though often ethanol is the major product. 
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Co promoted MoS2 catalysts have been widely used in hydrodesulfurization (HDS) reactions 
and the promotion effect of Co is attributed to the presence of a Co-Mo-S phase, 22 formed by 
partial substitution of Mo atoms at the edge of MoS2 slabs by Co atoms. 23 This particular 
phase has also been observed in K modified, Co promoted MoS2 catalysts for alcohol synthesis. 
18, 20, 24-27 To elucidate the function of cobalt, Mo free, K modified cobalt sulfide catalysts were 
employed for the reaction. In this case, the amount of higher alcohols was low and C1-C4 
alkanes were prevailing, 20 indicating that K-CoSx phases are not suitable for higher alcohol 
synthesis. It also has been shown that, the number of active Co-Mo-S species decreases at 
high Co loadings due to the formation of Co9S8 phases, which are stable under typical reaction 
conditions and have a low activity for higher alcohols. 28-31  
Thus, literature data imply that a Co-Mo-S phase in Co promoted MoS2 catalysts is the active 
phase, 20, 28-33 though the exact mechanism to promote carbon chain growth is still under 
debate. However, the role of both K and Co in K modified CoMoSx catalysts has not been 
explored in detail. We therefore performed a systematic investigation on the effect of these 
promotors on the performance of MoS2 catalysts for higher alcohol synthesis from syngas. For 
this purpose, a series of K modified Co promoted molybdenum sulfide catalysts with different 
Co contents and a fixed K content were prepared, characterized in detail and tested for the 
conversion of syngas to higher alcohols. The results were compared with a Mo free catalyst in 
the form of K-CoSx. In addition, for the optimized catalyst regarding Co content, the effect of 
process conditions, such as temperature (T), pressure (P), gas hourly space velocity (GHSV) 
and H2/CO ratio was explored. The results were quantified using statistical approaches 
allowing determination of the optimal process conditions for higher alcohol selectivity and 
yield. 
3.2. Experimental Section 
3.2.1. Catalyst preparation 
The cobalt-molybdenum sulfide was prepared by sulfurization of the cobalt-molybdenum 
oxide precursor with KSCN according to a method reported in the literature 34 with some 
modifications. The cobalt-molybdenum oxide precursor was typically synthesized by mixing 
Co(NO3)2·6H2O and (NH4)6Mo7O24·4H2O (20 g in total, Sigma-Aldrich) in 50 mL of deionized 
water. The resulting suspension was heated and maintained at 120 oC for 3 h, during which 





most of the water evaporated. The resulting mixture was calcined in air at 500 oC for 3 h to 
form the cobalt-molybdenum oxide. The amount of Co(NO3)2·6H2O and (NH4)6Mo7O24·4H2O 
was varied to adjust the atomic ratio Co/(Co+Mo) between 0 and 0.7. 
For sulfurization, the cobalt-molybdenum oxide (0.648 g), KSCN (0.875 g, Sigma-Aldrich), and 
deionized water (35 mL) were mixed in an autoclave, which was kept at 200 oC for 24 h. Then 
the autoclave was rapidly cooled with ice, and the resulting precipitate was filtered and 
washed with deionized water (total 500 mL). The product was obtained after drying at 
ambient conditions overnight. The molybdenum sulfide is labelled as MoSx and the mixed 
metal sulfide catalysts are labelled as Co-MoSx-R, where R represents the actual Co/(Co+Mo) 
ratio as obtained from ICP-OES. The elemental composition of the sulfurized catalysts is shown 
in Table 1, S1.  
The K promoted K-Co-MoSx-0.13 catalyst for detailed analyses by XRD, HRTEM and STEM with 
EDS mapping was prepared by physically mixing Co-MoSx-0.13 with K2CO3 followed by a 
treatment under hydrogen (1 bar, 8 h, 400 °C) and passivation (1% O2/N2, 4 h, 25 °C). 
The K promoted CoS2 catalyst for performance test was prepared by physically mixing CoS2 
sample (Sigma Aldrich) with K2CO3 followed by the same reduction procedure as described 
above. 
3.2.2. Catalyst characterization 
The cobalt-molybdenum sulfide samples were characterized with ICP-OES, (Spectroblue, 
Germany) to quantify the elemental composition. 
The specific surface area and pore parameter were determined using N2 physisorption, which 
was conducted at 77 K using an ASAP 2420 system (Micromeritics, USA). Prior to analysis, the 
samples were degassed at 150 oC under vacuum for 12 h. The specific surface area was 
calculated using the Brunauer-Emmett-Teller (BET) method in the P/P0 range of 0.05–0.25. 
The total pore volume was estimated from the single point desorption data at P/Po = 0.97. The 
pore diameter was obtained from the desorption branch according to the Barrett-Joyner-
Halenda (BJH) method.  
X-ray diffraction (XRD) spectra of the sulfurized samples were collected for a 2θ scan range of 
5–80° on a D8 Advance powder diffractometer (Bruker, Germany) with CuKα radiation (λ= 
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1.5418 Å) operated at 40 kV and 40 mA. XRD spectra of K modified sample (K-Co-MoSx-0.13) 
were recorded in the same way.  
H2-TPR measurements were conducted using 10 vol.% H2 in He (30 ml min-1) and the samples 
were heated from room temperature to 900 oC at a temperature ramp of 10 °C/min using an 
AutoChem system (Micromeritics, USA) equipped with a thermal conductivity detector (TCD). 
Raman spectroscopy was measured using a WITec Alpha 300R microscope with a 532 nm 
excitation laser.  
The micro-structure of the sulfurized samples was examined with high-resolution transmission 
electron microscopy (HRTEM, JEOL 2010 FEG, Japan) operating at 200 kV. The samples were 
first ultrasonically dispersed in ethanol and then deposited on a carbon-coated copper grid. 
Processing of the HRTEM images was accomplished using DigitalMicrograph software. 
High-angle annular dark-field scanning transmission electron microscopy (HAADF-STEM) 
images of the K-Co-MoSx-0.13 sample were obtained using a probe and image aberration 
corrected Themis Z microscope (Thermo Fisher Scientific) operating at 300kV in STEM mode 
with a convergence semi-angle of 21 mrad and a probe current of 50 pA. Energy dispersive X-
ray spectroscopy (EDS mapping) results were achieved with a Dual X EDS system (Bruker) with 
a probe current of 250 pA. Data acquisition and analysis were done using Velox software 
(version 2.8.0). 
3.2.3. Catalytic testing in a continuous fixed bed reactor 
Reactions were performed in a continuous fixed-bed reactor (stainless steel) with an internal 
diameter of 10 mm. Typically, the cobalt-molybdenum sulfide catalyst (0.35 g) was physically 
mixed with K2CO3 (0.05 g, Sigma-Aldrich) and SiC (2.0 g, Sigma-Aldrich) and then loaded to the 
reactor. Before reaction, the catalyst was reduced in situ using a flow of H2 (50 ml min-1) at 
400 oC for 8 h. After cooling to room temperature under a N2 stream, the reaction was started 
by switching to a gas mixture of H2/CO (molar ratio ranging from 1.0 to 2.0) with 6% N2 
(internal standard). Typical reaction conditions are pressures between 8.7 and 14.7 MPa and 
temperatures between 340 and 380 °C. The gas hourly space velocity (GHSV) was varied from 
4500 to 27000 mL g-1 h-1 by adjusting the flow rate of the feed gas. The reactor effluent was 
cooled and the liquid product was separated from the gas phase by using a double walled 
condenser at -5 °C. Details regarding product analysis are described in a previous publication 





from our groups 16. The CO conversion (XCO), the product selectivity (Si) and yield (Yi) were 
calculated using Eq. 1-3.  
𝑋𝑋𝐶𝐶𝐶𝐶 =
𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 𝑚𝑚𝑜𝑜 𝐶𝐶𝐶𝐶𝑖𝑖𝑛𝑛𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑛𝑛𝑖𝑖−𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 𝑚𝑚𝑜𝑜  𝐶𝐶𝐶𝐶𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑛𝑛𝑖𝑖
𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 𝑚𝑚𝑜𝑜 𝐶𝐶𝐶𝐶𝑖𝑖𝑛𝑛𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑛𝑛𝑖𝑖
× 100% (1) 
𝑆𝑆𝑖𝑖 =
𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 𝑚𝑚𝑜𝑜 𝑝𝑝𝑝𝑝𝑚𝑚𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 𝑖𝑖×𝑛𝑛𝑝𝑝𝑚𝑚𝑛𝑛𝑚𝑚𝑝𝑝 𝑚𝑚𝑜𝑜 𝑝𝑝𝑎𝑎𝑝𝑝𝑛𝑛𝑚𝑚𝑛𝑛𝑚𝑚 𝑖𝑖𝑛𝑛 𝑝𝑝𝑝𝑝𝑚𝑚𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 𝑖𝑖
𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 𝑚𝑚𝑜𝑜 𝐶𝐶𝐶𝐶𝑖𝑖𝑛𝑛𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑛𝑛𝑖𝑖−𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 𝑚𝑚𝑜𝑜  𝐶𝐶𝐶𝐶𝑖𝑖𝑒𝑒𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑛𝑛𝑖𝑖
× 100% (2) 
𝑌𝑌 = 𝑋𝑋𝐶𝐶𝐶𝐶 × 𝑆𝑆𝑖𝑖 (3) 
The activity data given in this study are the average for at least 6 h runtime and collected after 
20 h, to ensure stable operation of the reactor. The selectivity of all products is carbon based 
and only data with carbon balances higher than 95% are reported here. 
The chain growth probability 𝛼𝛼 was determined from the experimental data assuming an 
ASF distribution for the alcohols (Eq. 4). 
𝑆𝑆𝑛𝑛
𝑛𝑛
= 𝛼𝛼𝑛𝑛 × (1−𝛼𝛼)
𝑎𝑎
 (4) 
Here, 𝑆𝑆𝑛𝑛 is the selectivity of the alcohols with a carbon number of 𝑛𝑛, 𝑛𝑛 is the carbon number, 




3.2.4. Statistical modeling 
Multivariable regression was used to quantify the effect of process conditions (T, P, GHSV and 
H2/CO ratio) on catalytic performance (Eq. 5). 
𝑌𝑌 = 𝑎𝑎0 + ∑𝑎𝑎𝑖𝑖𝑥𝑥𝑖𝑖 + ∑𝑎𝑎𝑖𝑖𝑖𝑖𝑥𝑥𝑖𝑖2 + ∑𝑎𝑎𝑖𝑖𝑖𝑖𝑥𝑥𝑖𝑖 𝑥𝑥𝑖𝑖 (5) 
Here x is independent variable (T, P, GHSV and H2/CO ratio) and Y is a dependent variable 
(selectivity and yield of C3+ alcohol), ai, aii, and aij are the regression coefficients and a0 is the 
intercept. The regression coefficients were determined using the Design-Expert (Version 11) 
software by backward elimination of statistically non-significant parameters. The significant 
factors were selected based on their p-value in the analysis of variance (ANOVA). A parameter 
with a p-value less than 0.05 is considered significant and is included in the response model. 
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3.3. Results and discussion 
3.3.1. Characterization of the cobalt-molybdenum sulfide catalysts 
The cobalt-molybdenum sulfide catalysts with different Co contents were prepared by 
sulfurization of the corresponding cobalt-molybdenum oxide precursors using KSCN. The 
actual Co/(Co+Mo) molar ratio was determined by ICP-OES and ranged from 0 to 0.63 (Table 
1). The textural properties of the sulfurized catalysts (so without K addition) are depending on 
the Co content, see Table 1 for details. When considering the specific surface area, a maximum 
was found for Co-MoSx-0.13, with a value of 11.5 m2 g-1. This value is in the broad range 
reported in the literature for Co-MoSx catalysts (from single digit values to several hundred 
square meters per gram), 35 rationalized by differences in the Co and Mo precursors used and 
synthesis conditions. The observed reduction at higher Co amounts may be due to the 
formation of a segregated Co sulfide phase. 36 Similar trends were observed for the pore 
volume of the catalysts, viz. the highest value was found for catalyst Co-MoSx-0.13. The 
maximum in the pore size distributions shifts to lower values after the addition of Co (Figure 
S1a). The N2 physisorption isotherm plot of Co-MoSx-0.13 (as a representative example) shows 
a type H3 hysteresis loop (Figure S1b). 
Table 1 Physical and chemical properties of the sulfurized catalysts.  
Catalyst RCo/(Co+Mo)a SBETb (m² g-1) Vsgpc (cm3 g-1) DBJHd (Å) 
MoSx 0 9.7 0.05 155 
Co-MoSx-0.13 0.13 11.5 0.07 184 
Co-MoSx-0.37 0.37 8.2 0.04 163 
Co-MoSx-0.53 0.53 7.2 0.03 164 
Co-MoSx-0.63 0.63 7.7 0.03 158 
a Mole ratio of cobalt to cobalt and molybdenum as determined experimentally; b Specific surface area by the 
BET method; c Single point pore volume; d Pore diameter by BJH method. 
The XRD patterns of the catalyst (without K addition) are shown in Figure 1. The MoSx catalyst 
shows broad diffractions at 2θ values of about 14°, 33°, 36° and 58°, which are associated with 
the (0 0 2), (1 0 0), (1 0 2) and (1 1 0) planes, respectively, of the 2H-MoS2 phase (JCPDS card 
No. 00-037-1492). Upon the addition of Co, the reflexes of the crystalline MoS2 phase 
disappear and new signals arise. These were identified as cobalt-containing species like CoS2 
(JCPDS card No. 01-089-3056), CoMoS3.13 (JCPDS card No. 00-016-0439) and CoMoO4 (JCPDS 





card No. 00-021-0868). Of interest is the presence the CoMoS3.13 phase, which is known to be 
formed by partial substitution of Mo atoms at the edges of MoS2 sheets by Co. Mixed Co-Mo-
S phases are generally thought to be active for higher alcohol synthesis by promoting carbon 
chain growth. 6 At high Co loadings, sharp reflexes from crystalline CoS2 and CoMoO4 are 
present, suggesting a higher abundance and larger nanoparticle sizes. Reflexes attributed to a 
Co9S8 phase, reported to be present at higher Co loadings, were not detected. 30 
 
Figure 1. XRD patterns of the cobalt-molybdenum sulfide catalysts with different Co/(Co+Mo) 
molar ratios. 
H2-TPR measurements were performed for all sulfided Co-Mo catalysts and the profiles are 
given in Figure 2. The Co free MoSx catalyst displays two H2 peaks, a small one at 310 °C and a 
larger one at about 720 °C. The first peak is ascribed either to the presence of over-
stoichiometric Sx species or to weakly bonded sulfur anions along MoS2 edges. 37 The high 
temperature peak is associated with more strongly bound sulfur anions located at the edges. 
38 Another possibility is a phase formed by desulfurization of the MoS2 phase by elimination 
of basal sulfur, though not likely as temperatures higher than 830–1030 °C are required for 
this transition. 39 Upon the addition of Co, additional peaks become visible. The low 
temperature peak is shifted to lower temperatures (about 220 °C), indicating that the 
presence of Co leads to a weakening of the Mo-S bond. 40 A similar low temperature peak was 
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also observed during H2-TPR measurements on supported Co-MoS2/Al2O3 catalysts for HDS 
reactions and associated with the presence of a Co-Mo-S phase. 41 The area of the first peak 
is reduced when adding more Co in the catalyst formulation. Besides, a new peak at an 
intermediate temperature (370–470 °C) appears, which is ascribed to a cobalt sulfide phase. 
41 In line with this explanation is the observation that the area of this particular peak increases 
with increasing Co content. This suggests that for low Co/(Co+Mo) ratios, the Co atoms are 
dispersed at the edge of a MoS2 phase to form a Co-Mo-S phase, whereas higher Co amounts 
lead to the formation of Co sulfide species. These may be present as a single phase or closely 
interact with Co-Mo-S and MoS2 phases. 
 
Figure 2. H2-TPR profiles of the cobalt-molybdenum sulfide catalysts with different Co/(Co+Mo) 
molar ratios. 
The Raman spectra of the sulfided Co-Mo catalysts (without K) are shown in Figure 3. The 
unpromoted MoSx catalyst exhibits two peaks at 380 cm-1 and 405 cm-1, which are ascribed to 
the in-plane E12g and out-of-plane A1g vibration mode of the MoS2 layer structure. 42 These two 
bands are also detected in Co-MoSx-0.13, and the distance between the two bands, which is 
an indicator for the interlayer distance between the MoS2 stacked layers, 15, 43 is similar to that 
for the unpromoted MoSx catalyst. This suggests that, different with K, 12 Co is not intercalated 
in the interlayer space of MoS2 phase, which is consistent with the H2-TPR result. For the 
catalysts with high Co contents, the two peaks disappear, and a new peak at 931 cm-1 emerges, 





associated with the formation of a β-CoMoO4 phase, which is in consistent with the XRD 
results. The intensity of the peak increases with increasing Co content. 
 
Figure 3. Raman spectra of the cobalt-molybdenum sulfide catalysts with different Co/(Co+Mo) 
molar ratios. 
HRTEM was used to determine the morphology and microstructure of the catalysts. 
Representative images are displayed in Figure 4. The MoSx catalyst without Co shows a 
multilayer structure with a lattice spacing of 0.63 nm, corresponding to the (0 0 2) plane of 
the MoS2 phase (Figure 4a). 44 After the addition of Co, various Co-containing species were 
identified based on their specific lattice fringes. Examples are Co-MoSx, CoSx and CoMoO4 
phases (Figure. 4b–f). The lattice fringe with a lattice spacing of 0.25 nm corresponds to the 
(2 1 0) plane of CoS2.  
Of interest is the observation of close contacts between the CoS2 and MoS2 phase for Co-MoSx-
0.13 (Figure 4b–c), indicating the presence of a CoS2/MoS2 interface. The presence of this 
interface has been reported to be beneficial for higher alcohol formation. 45 The phase with a 
lattice spacing of 0.63 nm may be either from MoSx or a CoMoS3.13 species. For catalysts with 
a higher Co content (e.g. Co-MoSx-0.37), a CoMoO4 phase is present (lattice fringe with a 
spacing of 0.68 nm (Figure 4d)), consistent with the XRD analysis. 




Figure 4. HRTEM images of MoSx (a), Co-MoSx-0.13 (b-c), Co-MoSx-0.37 (d), Co-MoSx-0.53 (e) 
and Co-MoSx-0.63 (f). (c) is the close-view of the marked area in (b).  
With the catalyst characterization data available, the effect of the amount of Co on catalyst 
structure may be assessed. Unpromoted MoSx reveals a multilayer structure with long-range 
ordered MoS2 domains, in line with the literature data. After promotion with Co, Co-Mo-S and 
CoS2 phases are formed, which are considered possible active phases for higher alcohol 





synthesis (Co-MoSx-0.13). At higher Co contents, higher amounts of CoS2 and CoMoO4 species 
are present, which may have a negative effect on catalyst performance (vide infra). 
Finally, the K promoted version of Co-MoSx-0.13 (K-Co-MoSx-0.13), which is the best catalyst 
in terms of performance for higher alcohol synthesis (vide infra) was characterized in detail 
using XRD, HRTEM and STEM with EDS mapping to gain insights in changes in the structure 
and upon the addition of K. The sample was prepared by physically mixing Co-MoSx-0.13 with 
K2CO3 followed by reduction with hydrogen and passivation (see experimental section). 
XRD spectra of K-Co-MoSx-0.13, together with MoSx and Co-MoSx-0.13 for comparison, are 
given in Figure 5a. The 002 reflex of K-Co-MoSx-0.13 at 13.3° is slightly shifted compared to 
that of MoS2 (14.1°), indicating an expanded interlayer spacing due to the incorporation of K. 
A HRTEM image (Figure 5b) of K-Co-MoSx-0.13 confirms the expanded interlayer space (0.77- 
0.81 nm vs 0.63 nm for Co-MoSx-0.13, Figure 4c) after K addition. The intercalation of K into 
the MoS2 structure would lead to the formation of KMoS2 phase, which was discussed in detail 
in our previous work 16 and suggested to be essential for alcohols synthesis. 
The reflexes of CoS2, clearly visible in Co-MoSx-0.13 are absent in the XRD spectrum of K-Co-
MoSx-0.13. New reflexes at 30.1°, 31.2° and 39.7°, identified as Co9S8 species (JCPDS card No. 
00-003-0631) are present. The Co9S8 species are likely formed by reduction of CoS2, which is 
consistent with the H2-TPR results (Figure 2). Representative reflexes of crystalline CoMoS3.13 
are also present in K-Co-MoSx-0.13. The presence of both Co9S8 and CoMoS3.13 species in K-
Co-MoSx-0.13 is confirmed by HRTEM images (Figure 5c-d). Close contacts between the Co9S8 
and K promoted (Co)MoSx phase were observed, in line with the observation of CoS2/(Co)MoSx 
interfaces in the unpromoted Co-MoSx-0.13 catalyst (Figure 4b-c).  
A STEM dark field image combined with EDS mapping (Figure S2) of K-Co-MoSx-0.13 shows 
that K, Co, Mo and S are uniformly dispersed on the catalyst. The homogeneous distribution 
of these elements might indicate the presence of abundant Co9S8/K-(Co)MoSx interfaces in K-
Co-MoSx-0.13. 




Figure 5. a) XRD patterns of MoSx, CoMoSx-0.13 and K-CoMoSx-0.13 catalyst. b-c) HRTEM 
images of K-Co-MoSx-0.13. d) is the close-view of the marked area in b). 
3.3.2. Bench mark higher alcohol synthesis using K promoted Co-MoSx catalysts with 
different Co contents 
Benchmark experiments with all catalysts were performed at 360 °C, 8.7 MPa, a GHSV of 4500 
mL g-1 h-1 and a H2/CO ratio of 1 in a continuous packed bed reactor set-up. These conditions 
were selected based on previous experience in our group on the use of MoS2 catalysts for 
higher alcohol synthesis. 16 Prior to reaction, the catalysts were promoted with K using a 
physical mixing method followed by an in situ treatment with H2. The same amount of K was 
used for all catalyst formulations. The experiments were performed for at least 6 h and the 
performance of the catalyst was the average over the time period from 20 h to final runtime 
and thus taken at steady state conditions in the reactor (Table 2).  





Table 2. Catalytic performance of K-MoSx and K-Co-MoSx catalysts for the conversion of syngas 




Selectivity (%) Alcohol distribution (%) 
CH4 HCc CO2 Alcohols Othersd Methanol Ethanol C3+OHe 
K-MoSx 25.6 17.7 24.8 31.8 40.8 2.6 19.3 32.3 42.5 
K-Co-MoSx-0.13 18.7 16.8 19.9 29.5 47.1 3.5 11.3 26.9 54.9 
K-Co-MoSx-0.37 17.4 19.0 21.6 29.1 47.0 2.3 17.3 38.4 39.6 
K-Co-MoSx-0.53 12.3 19.1 22.1 28.4 46.0 3.5 22.7 41.6 28.6 
K-Co-MoSx-0.63 8.8 22.2 25.9 32.0 41.5 0.6 33.6 42.6 22.4 
a Reaction conditions: 360 °C, 8.7 MPa, GHSV=4500 mL g-1 h-1, H2/CO=1; b CO conversion; c Hydrocarbons; d Other 
liquid oxygenates except alcohols; e C3+ alcohol. 
A typical example of the product selectivity and CO conversion versus the runtime is given in 
Figure 6 (340 °C, 11.7 MPa, GHSV of 4500 mL g-1 h-1 and H2/CO ratio of 1.5 using the K-Co-
MoSx-0.13 catalyst). It also shows the catalyst is stable for at least 100 h without co-feeding of 
sulfur. 
 
Figure 6. Representative graph for CO conversion and product selectivity versus time on 
stream for the K-Co-MoSx-0.13 catalyst. Reaction conditions: 340 °C, 11.7 MPa, GHSV=4500 
mL g-1 h-1, H2/CO =1.5. 
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Typical reactions products are alcohols (methanol, ethanol, and C3+ alcohol), hydrocarbons 
(methane and higher ones) and CO2. The latter is formed by the water-gas shift reaction 
involving CO and water. The unpromoted K-MoSx catalyst provides a selectivity of 40.8% to 
alcohols and 24.8% to hydrocarbons at a CO conversion level of 25.6% (Figure 7), which is 
typical for Mo-based catalysts. 6 Upon the addition of Co to the catalyst formulation, the CO 
conversion decreases, which may be due to the reduced availability of the active sulfided Mo-
Co species by coverage with inactive CoMoO4 species and/or the presence of less active CoS2 
species, as observed from XRD and HRTEM results.  
The selectivity is a clear function of the Co content. Alcohol selectivity reaches a maximum 
(47.1%) for the K-Co-MoSx-0.13 catalyst and decreases with higher Co loadings, see Figure 7 
for details. The selectivity to hydrocarbons (mainly CH4), shows a reverse trend, whereas the 
CO2 selectivity is about constant. The product selectivity at two other temperatures (340 and 
380 °C) also shows a similar trend regarding the Co content in the catalyst formulation (Table 
S2).  
 
Figure 7. CO conversion and product selectivity for catalysts with different Co contents. 
Reaction conditions: 360 °C, 8.7 MPa, GHSV=4500 mL g-1 h-1, H2/CO=1. 
The effect of Co addition on the carbon distribution of the alcohols is given in Figure 8a. It 
shows that the amount of C3+ alcohol reaches a maximum at 59.0% for the K-Co-MoSx-0.13 
catalyst and decreases at higher Co amounts. The individual distribution of alcohols for the 





unpromoted K-MoSx, K-Co-MoSx-0.13 and K-Co-MoSx-0.63 catalyst are depicted in Figure 8b 
(the distributions for other catalysts are shown in Figure S3) as Anderson-Schulz-Flory (ASF) 
plots. The unpromoted K-MoSx catalyst shows a large deviation for particularly methanol 
when considering an ideal linear ASF distribution. This is in line with previous findings of our 
group, rationalized by assuming an enhanced chain growth mechanism for C3+ alcohols using 
these types of catalysts. 16 After loading with Co, an even larger deviation for methanol and 
also for ethanol is observed for the K-Co-MoSx-0.13 catalyst. However, the deviation is less 
pronounced when further increasing the Co content (Figure S3) and the K-Co-MoSx-0.63 
catalyst shows an almost perfect linear distribution for the mixed alcohols including methanol. 
The carbon chain growth probability was calculated for the C2+ alcohols, showing a volcano-
shaped curve with a peak for the K-Co-MoSx-0.13 catalyst (Figure S4). Thus, alcohol selectivity 
and carbon chain growth are best for the K-Co-MoSx-0.13 catalyst, whereas higher Co contents 
lead to a higher hydrocarbon selectivity and a lower carbon chain growth for the alcohols. 
 
Figure 8. a) Carbon distribution for the alcohols using catalyst with different Co contents. b) 
ASF plots for product alcohols using K-MoSx, K-CoMoSx-0.13 and K-CoMoSx-0.63 catalysts. 
Reaction conditions: 360 °C, 8.7 MPa, GHSV=4500 mL g-1 h-1, H2/CO=1.  
For comparison, and also to determine the role of Mo in the catalyst formulation, the catalytic 
performance of a K promoted CoS2 catalyst was also investigated. We first attempted to 
prepare the CoS2 catalyst by a similar procedure as used for the Co-MoSx samples (viz. 
sulfurization of the cobalt-oxide precursors using KSCN). However, Co3O4 instead of CoS2 was 
obtained as illustrated in Figure S5, indicating that Co-oxides are difficult to sulfurize using 
KSCN at the prevailing conditions. Therefore, CoS2 (Sigma-Aldrich) was used as the catalyst 
Chapter 3  
104 
 
precursor, and after K addition and pretreatment (in situ reduction with H2 at 400 oC for 8 h) 
tested for higher alcohol synthesis (360 °C, 8.7 MPa, GHSV of 4500 mL g-1 h-1 and H2/CO molar 
ratio of 1).  A very high hydrocarbon selectivity of 63.1% was achieved at a CO conversion of 
1.3% (Table S3). Higher alcohols could not be detected in the liquid phase. The low CO 
conversion might be due to the presence of large crystallites (76 nm, from XRD data using 
Scherrer equation) and the lack of structural defects (Figure S6). These findings are in line with 
experiments by Li et al., who reported that only C1-C4 alkanes and no alcohols were formed 
when using a K-CoSx on activated carbon catalyst (in which Co is present in the form of Co9S8 
crystallites). 20 Co9S8 species, formed by reduction of CoS2 were detected after reaction (Figure 
S6), in line with literature data. 20 
3.3.3. Mechanistic implications 
Co-MoSx-0.13 catalyst (without K) showed high CO conversion and very low selectivity for 
alcohols (<2%) in comparison with that of K-Co-MoSx-0.13 (Table S4), indicating the 
prerequisite role of K for alcohols synthesis. Specifically, the presence of KMoS2 phase (Figure 
5) was suggested to be essential for alcohols synthesis, which was discussed a lot in our 
previous work. 16 Various studies have revealed that the addition of K in MoS2 catalysts for 
higher alcohol synthesis leads to lower hydrogenation rates while maintaining good CO 
insertion rates. 8, 9, 46 The obtained higher alcohols over the K modified catalyst are mainly 
composed of linear primary alcohols as well as branched alcohols like 2-methyl-1-propanol, 2-
methyl-1-butanol, and 2-methyl-1-pentanol (Figure S7–10). These branched alcohols were 
suggested to be formed via a β-addition process. 47, 48 We have recently proposed that the 
linear primary alcohols are formed through CO insertion, while the branched alcohols are 
formed by CO insertion and CHx β-addition, 16, 49 see Scheme 1 for details. n-Propanol is formed 
through both routes, supported by the high amount (> 97%) of n-propanol in total propanol 
fraction (Figure S7). 
In the current investigation, the role of Co on product selectivity was investigated. Upon Co 
addition, the CH4 selectivity is lowered slightly from 17.7% for K-MoSx to 16.8% for the K-Co-
MoSx-0.13 catalyst. A further increase of the Co intake leads to a gradual increase in CH4 
selectivity (Figure 7), suggesting a somewhat higher hydrogenation ability. The latter may be 
due to a higher amount of (K promoted) CoS2 species (Figure 1–2 and 4) in the catalysts at 
higher Co contents. 






Scheme 1. Overall reaction network of syngas conversion over K modified MoS2 catalyst. 
The selectivity to alcohols in general and C3+ alcohols in particular shows an optimum for the 
K-Co-MoSx-0.13 catalyst and decreases with higher Co loadings (Figure 7, 9). These findings 
are rationalized by considering that the amounts of Co-Mo-S and CoS2 phases in the Co-MoSx-
0.13 catalyst are highest and that these are preferred for higher alcohol synthesis. At higher 
Co contents, considerable amounts of CoMoO4 species are present which result in lower 
higher-alcohol selectivity.   
 
Figure 9. C3+ alcohol selectivity for K-Co-MoSx catalysts with different Co contents and major 
species in the corresponding Co-MoSx samples according to analysis data. Reaction conditions: 
360 °C, 8.7 MPa, GHSV=4500 mL g-1 h-1, H2/CO=1. 
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The trend as given in Figure 9 holds for the unpromoted (no K) catalysts. Analyses of a K-
promoted catalyst (XRD, HRTEM) shows that the CoS2 phase, is reduced to Co9S8 (Figure 5).  
Based on these findings, we propose that the catalytic performance of the K-MoSx catalyst is 
enhanced by the addition of Co due to the formation of cobalt sulfides (mainly Co9S8) and a K-
promoted (Co)MoSx phase in close proximity. This assembly is given in Scheme 2 and shows a 
(K promoted) Co9S8 phase sandwiched between two K-promoted (Co)MoSx phases. The Co9S8 
phase gives mainly hydrocarbons for syngas conversions, see results for the Mo free K-Cox 
provided in this manuscript and literature data. 20 This implies the presence of significant 
amounts of adsorbed CHx* (and higher carbon number analogs) on the surface of the Co9S8 
phase. We assume that efficient transfer of such CHx* species from the Co9S8 phase to 
adsorbed CH3CHCH2O* species on the K-(Co)MoSx phase occurs, leading to branched alcohols 
(CHx β-addition mechanism). In addition, linear alcohols are formed by transfer of adsorbed 
CH3CH2CH2* on the Co9S8 phase to adsorbed CO on the K-(Co)MoSx phase.      
 
Scheme 2. Proposed syngas conversion network over K-Co-MoSx catalyst. 
3.3.4. Statistical modeling of process variables on alcohol selectivity using the best catalyst 
in this study (K-Co-MoSx-0.13) 
To determine the effects of process conditions on CO conversion and product selectivity 
(particularly C3+ alcohol), a total of 44 experiments were performed in the continuous set-up 
at a range of 340–380 °C 8.7–14.7 MPa, GHSV of 4500–27000 mL g-1 h-1 and H2/CO ratio of 
1.0–2.0 for the best catalyst (K-Co-MoSx-0.13) based on the benchmark experiments. In the 





initial stage, one variable was changed within the range while the other variables were kept 
constant (Figure S11–19). This allows for determination of the individual effects of a variable 
on the CO conversion and product selectivity. In a later stage all experimental data (Table 3) 
were used simultaneously to develop multivariable nonlinear regression models of the form 
given in eq. 5. This approach allowed the identification of interactions between the variables 
(T, P, GHSV and H2/CO ratio) on the selectivity and yield of C3+ alcohols. 
Table 3. Overview of experiments for syngas conversions over the K-Co-MoSx-0.13 catalyst. 











1 8.7 340 4500 1 2.9 25.1 
2 8.7 360 4500 1 5.2 27.8 
3 8.7 380 4500 1 7.3 27.2 
4 11.7 340 4500 1 2.1 8.6 
5 11.7 340 9000 1 2.4 14.0 
6 11.7 360 4500 1 6.5 16.8 
7 11.7 360 9000 1 7.4 24.9 
8 11.7 360 18000 1 5.5 29.3 
9 11.7 360 27000 1 4.7 31.2 
10 11.7 380 4500 1 8.2 17.7 
11 11.7 380 13500 1 9.2 31.0 
12 11.7 380 27000 1 7.3 37.6 
13 14.7 340 4500 1 2.1 8.0 
14 14.7 340 9000 1 2.5 13.6 
15 14.7 340 13500 1 1.4 10.4 
16 14.7 340 18000 1 1.5 13.6 
17 14.7 360 4500 1 4.3 10.6 
18 14.7 360 9000 1 5.4 16.9 
19 14.7 360 18000 1 3.6 17.6 
20 14.7 360 27000 1 2.2 15.2 
21 14.7 380 4500 1 6.3 12.8 
22 14.7 380 13500 1 7.2 22.2 
23 14.7 380 27000 1 3.9 19.9 
24 14.7 380 40500 1 2.6 18.5 
25 11.7 340 4500 2 1.7 5.2 
Chapter 3  
108 
 
26 11.7 340 13500 2 1.6 9.8 
27 11.7 340 18000 2 1.1 8.0 
28 11.7 360 4500 2 4.2 9.1 
29 11.7 360 13500 2 5.4 18.4 
30 11.7 360 27000 2 3.9 20.6 
31 11.7 380 4500 2 6.6 12.9 
32 11.7 380 13500 2 8.3 23.4 
33 11.7 380 27000 2 6.1 24.9 
34 11.7 380 40500 2 4.4 22.8 
35 11.7 340 4500 1.5 2.5 8.2 
36 11.7 340 13500 1.5 3.0 18.9 
37 11.7 340 27000 1.5 2.1 26.5 
38 11.7 360 4500 1.5 4.5 11.1 
39 11.7 360 9000 1.5 6.2 19.2 
40 11.7 360 18000 1.5 5.3 24.5 
41 11.7 360 27000 1.5 3.8 23.0 
42 11.7 380 4500 1.5 6.6 13.4 
43 11.7 380 13500 1.5 7.7 23.7 
44 11.7 380 27000 1.5 6.4 29.2 
The yield (%) and selectivity (%) of C3+ alcohol as a function of reaction conditions were 
successfully modeled and the results are given in eq. 6-7, respectively. 
𝑌𝑌𝑌𝑌𝑌𝑌𝑙𝑙𝑌𝑌 = 2.05 × 𝑃𝑃 + 0.13 × 𝑇𝑇 + 0.00034 × 𝐺𝐺𝐺𝐺𝑆𝑆𝐺𝐺 − 1.27 × 𝑅𝑅𝑎𝑎𝑅𝑅𝑌𝑌𝑅𝑅 − 0.000021 × 𝑃𝑃 ×
𝐺𝐺𝐺𝐺𝑆𝑆𝐺𝐺 − 0.088 × 𝑃𝑃2 − 3.91 × 10−9 × 𝐺𝐺𝐺𝐺𝑆𝑆𝐺𝐺2 − 51.51                                                              (6) 
𝑆𝑆𝑌𝑌𝑙𝑙𝑌𝑌𝑆𝑆𝑅𝑅𝑌𝑌𝑆𝑆𝑌𝑌𝑅𝑅𝑆𝑆 = −11.45 × 𝑃𝑃 + 0.20 × 𝑇𝑇 + 0.0037 × 𝐺𝐺𝐺𝐺𝑆𝑆𝐺𝐺 − 5.14 × 𝑅𝑅𝑎𝑎𝑅𝑅𝑌𝑌𝑅𝑅 −
0.00017 × 𝑃𝑃 × 𝐺𝐺𝐺𝐺𝑆𝑆𝐺𝐺 − 0.00029 × 𝐺𝐺𝐺𝐺𝑆𝑆𝐺𝐺 × 𝑅𝑅𝑎𝑎𝑅𝑅𝑌𝑌𝑅𝑅 + 0.41 × 𝑃𝑃2 − 1.86 × 10−8 ×
𝐺𝐺𝐺𝐺𝑆𝑆𝐺𝐺2 + 20.77                                                                                                                                    (7) 
The high F-value of both models (Table S5-6) implies that the models are significant and 
adequate to represent the actual relationship between the response and the variables. 50 The 
models also reveal that interactions between parameters are significant (e.g.  P×GHSV and 
GHSV×Ratio). The predicted values of C3+ alcohol yield and selectivity match well with the 
experiment data (Figure S20-21, R2=0.92 for yield and R2=0.91 for selectivity). 





The effect of the pressure and GHSV on C3+ alcohol yield (Figure 10) and selectivity (Figure 
S22) are represented in response surface plots. It shows that intermediate pressure and GHSV 
are best for highest C3+ alcohol yield. This is confirmed by experiments in this regime, viz. a 
C3+ alcohol yield of 9.2% at 11.7 MPa, GHSV of 13500 mL g-1 h-1 (380 °C, H2/CO ratio of 1, Table 
3, entry 11). The model also predicts that a relatively high temperature and low H2/CO ratio 
are also best for higher alcohol synthesis (surface plots not shown for brevity).  
 
Figure 10. Surface response plot showing the effect of GHSV and pressure on C3+ alcohol yield 
over the K-Co-MoSx-0.13 catalyst (380 °C, H2/CO molar ratio of 1). 
3.3.5. Comparison of catalyst performance with literature data for Mo-based catalysts 
The experimentally obtained C3+ alcohol selectivity at different CO conversion over the best 
catalyst (K-Co-MoSx-0.13) in this study is given in Figure 11, together with literature data for 
other Mo based catalysts. Details regarding reaction conditions are shown in Table S7. 
Literature sources providing alcohol selectivity only on a CO2-free basis were excluded since 
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this leads to an overestimation of the actual C3+ alcohol selectivity and thus does not enable 
a fair comparison. The majority of the KMoS2-based catalyst reported in the literature are 
promoted by Co or Ni and are supported on activated carbon (AC), carbon nanotubes (CNT), 
mixed metal oxides (MMO) and Al2O3.  
It is clear that the best catalysts identified in this work (K-Co-MoSx-0.13) outperforms all 
existing Mo-based catalysts. In comparison with the Co free K-MoS2 catalyst reported 
previously by our groups (Table S7, entry 5), promotion with the appropriate amount of Co 
leads to higher selectivity and yield for C3+ alcohol.   
 
Figure 11. Literature overview of C3+ alcohol selectivity using molybdenum-based catalysts 
and data for the best catalyst in this study (red squares and line). 
3.4. Conclusions 
We have prepared a series of K-Co-MoSx catalyst with different Co contents to investigate the 
effect of Co promotion on product selectivity and particularly C3+ alcohol formation from 
syngas. The preparation of the Co-MoSx samples through sulfurization of cobalt-molybdenum 
oxide precursors leads to among others the formation of Co-Mo-S and CoS2 phases, the actual 
amounts being dependent on the Co amount in the catalyst formulation. The best 





performance was obtained using the K-Co-MoSx-0.13 catalyst. This catalyst contains the 
highest amounts of Co-Mo-S and Co9S8 phases, implying that these are preferred for higher 
alcohol synthesis. It is speculated that close contact between a potassium modified Co9S8 
phase and a Co promoted Mo-S phases is beneficial for higher alcohol synthesis due to facile 
transfer of adsorbed CHx* species (and higher analogs) on the Co9S8 phase to oxygenated 
species on the Co promoted Mo-S phase to give branched higher alcohols and transfer of 
adsorbed CH3CH2CH2* on the Co9S8 phase to adsorbed CO on the K-(Co)MoS phase to give 
linear alcohols. Reaction conditions (T, P, GHSV and H2/CO ratio) were varied to study the 
effect on catalytic performance and models with high significance were developed. Highest 
C3+ alcohol yields of 7.3–9.2% and selectivities between 31.0–37.6% were obtained at a 
temperature of 380 °C, a pressure of 11.7 MPa, a GHSV of 13500–27000 mL g-1 h-1 and H2/CO 
ratio of 1 over the optimized K-Co-MoSx-0.13 catalyst. These results are the highest reported 
in the literature so far, and indicate the potential of such catalysts for further scale up studies. 
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Table S1. Elemental analysis (ICP-OES) of the molybdenum sulfide and cobalt-molybdenum 
sulfide samples. 
Sample RCo/(Co+Mo)a RS/(Co+Mo)b 
MoSx 0 1.78 
Co-MoSx-0.13 0.13 1.76 
Co-MoSx-0.37 0.37 1.62 
Co-MoSx-0.53 0.53 1.40 
Co-MoSx-0.63 0.63 1.02 
a Mole ratio of cobalt to cobalt and molybdenum; b Mole ratio of sulfur to cobalt and molybdenum. 
 
Figure S1. (a) Pore diameter distribution of the cobalt-molybdenum sulfide catalysts with 
different Co/(Co+Mo) molar ratios. (b) N2 adsorption-desorption isotherms of Co-MoSx-0.13. 





Table S2. Catalytic performance of K-MoSx and K-Co-MoSx catalysts for the conversion of 
syngas to mixed alcohols. a 
Catalyst Tb (°C) 
XCOc 
(%) 
Selectivity (%) Alcohols distribution (%) 
CH4 HCd CO2 Alcohols otherse Methanol Ethanol C3+OHf 
K-MoSx 
340 19.2 15.3 20.3 28.4 50.3 1.0 34.1 36.0 28.0 
360 25.6 17.7 24.8 31.8 40.8 2.6 19.3 32.3 42.5 
380 32 18.5 27.1 33.8 34.8 4.3 11.5 23.7 53.8 
K-Co-MoSx-
0.13 
340 11.7 13.8 15.7 25.3 55.6 3.4 16.8 34.8 42.6 
360 18.7 16.8 19.9 29.5 47.1 3.5 11.3 26.9 54.9 
380 27 18.9 23.7 33.3 39.8 3.2 8.5 20.8 63.3 
K-Co-MoSx-
0.37 
340 10.3 14.9 16.7 24.1 59.1 0.1 23.2 45.9 30.7 
360 17.4 19.0 21.6 29.1 47.0 2.3 17.3 38.4 39.6 
380 24.1 21.6 25.2 32.5 40.2 2.1 16.3 32.9 45.9 
K-Co-MoSx-
0.53 
340 6.9 14.6 15.8 23.7 55.4 5.1 28.3 45.3 18.0 
360 12.3 19.1 22.1 28.4 46.0 3.5 22.7 41.6 28.6 
380 18.6 22.4 27.0 32.2 36.4 4.4 20.6 36.8 31.7 
K-Co-MoSx-
0.63 
340 4.4 19.4 22.8 30.3 46.3 0.6 38.2 41.7 18.7 
360 8.8 22.2 25.9 32.0 41.5 0.6 33.6 42.6 22.4 
380 14.2 24.7 29.9 34.6 34.1 1.4 30.0 43.0 22.9 
a Reaction conditions: 8.7 MPa, GHSV=4500 mL g-1 h-1, H2/CO=1; b Reaction temperature; c CO conversion; d 
Hydrocarbons; e Other liquid oxygenates except alcohols; f C3+ alcohol. 




Figure S2. High-angle annular dark field STEM image and corresponding EDS mapping of K, Co, 
Mo and S for the K-Co-MoSx-0.13 catalyst. 




































































Figure S3. ASF plots of alcohol distributions over K-MoSx and K-Co-MoSx catalyst. Reaction 
conditions: 360 °C, 8.7 MPa, GHSV=4500 mL g-1 h-1, H2/CO=1. 







































Figure S4. Carbon chain growth probability of C2+ alcohol obtained over K-MoSx and K-Co-
MoSx catalyst. Reaction conditions: 360 °C, 8.7 MPa, GHSV=4500 mL g-1 h-1, H2/CO=1. 
 
 
Figure S5. XRD patterns of a catalyst made by sulfurization of a cobalt-oxide precursors with 
KSCN. 
 





Table S3. Catalytic performance of the K-CoS2 catalyst for CO hydrogenation. a 
CO conversion 
(%) 
Product selectivity (%) 
CH4 C2H4 C3H6 C4H8 CO2 
1.3 41.4 4.9 9.7 7.1 36.9 
a Reaction conditions: 360 °C, 8.7 MPa, GHSV= 4500 mL g-1 h-1, H2/CO=1. 
 
Figure S6. XRD patterns of the fresh CoS2 and spent K-CoS2 catalyst (mixture with SiC). 
 





Product selectivity (%) 
HCc CO2 Oxyd 
Co-MoSx-0.13 42.6 54.2 44.0 1.8 
K-Co-MoSx-0.13 18.7 19.9 29.5 50.6 
a Reaction conditions: 360 °C, 8.7 MPa, GHSV=4500 mL g-1 h-1, H2/CO=1; b CO conversion; c Hydrocarbons; d Liquid 
oxygenates. 




































Figure S7. The distribution of propanol obtained over K-MoSx and K-Co-MoSx catalyst. 



























































Figure S8. The distribution of butanol obtained over K-MoSx and K-Co-MoSx catalyst. Reaction 
conditions: 360 °C, 8.7 MPa, GHSV=4500 mL g-1 h-1, H2/CO=1. 

































































Figure S9. The distribution of pentanol obtained over K-MoSx and K-Co-MoSx catalyst. Reaction 





























































Figure S10. The distribution of hexanol obtained over K-MoSx and K-Co-MoSx catalyst. 
Reaction conditions: 360 °C, 8.7 MPa, GHSV=4500 mL g-1 h-1, H2/CO=1. 
The effect of reaction temperature was investigated in the temperature range of 340–380 °C 
and fixed pressure of 8.7 MPa, GHSV of 4500 mL g-1 h-1 and H2/CO ratio of 1. As expected, the 
CO conversion increased at higher temperature (from 11.7% at 340 °C to 27.0% at 380 °C, 
Figure S11). The selectivity to alcohols decreases and more CO2 and hydrocarbons are formed. 
Thus, the rate of hydrogenation of metal-alkyl species to HCs is more enhanced at higher 
Chapter 3  
122 
 
temperatures than the rate of reaction of the alkyl species with CO. 1 This could be due to a 
higher amount of metal-H species, as higher reaction temperatures are known to favor H2 
dissociation for these catalysts. 2 In addition, dehydration of alcohols to the corresponding 
hydrocarbons and water may also occur, 3 as shown in Scheme 1. As for the individual alcohols, 
the selectivity of methanol and ethanol decreased with increasing temperature, while the 
selectivity of C3+ alcohols showed an optimum at 360 °C and decreased little at 380 °C. 
The ASF plots at different temperature (Figure S12) confirm the decreased selectivity of 
methanol and ethanol with increasing temperature (Figure S11) since the amounts of them is 
by far lower at higher temperatures than predicted by the ASF theory. This is in line with 
literature data. Generally, higher temperatures are required for improved selectivity toward 
alcohols with long chain than toward methanol. 4, 5 Toyoda et al. also reported the decreased 
methanol and ethanol selectivity in the temperature range of 260–320 °C over alumina-
supported molybdenum-based catalyst. 6 
Typical operating pressures reported for higher alcohols synthesis are below 10 MPa. The 
higher pressure regime was investigated in this study using the K-Co-MoSx-0.13 catalyst with 
pressures in the range of 8.7 to 14.7 MPa (360 °C, GHSV of 4500 mL g-1 h-1 and an H2/CO ratio 
of 1, Figure S13). The CO conversion increases when increasing the pressure from 8.7 MPa to 
11.7 MPa (from 18.7 to 38.7%) and levels of to 40.7% at 14.7 MPa. The selectivity to CO2 is 
about constant at higher pressures, while substantial larger amounts of hydrocarbons 
(especially CH4) are formed. Figure S13 also shows that the selectivity of methanol and ethanol 
increases with increasing pressure, while the selectivity of C3+ alcohols decreases. 
The ASF plot at 14.7 MPa shows an almost perfect linear distribution for the mixed alcohols 
including methanol (Figure S14). Over MoS2-based catalyst, Xie et al. 7 reported an increase in 
methanol selectivity with increasing pressure in the range of 3.4–13.8 MPa, and Boahene et 
al. 3 reported higher methanol selectivity as well as a maximum C2+ alcohols selectivity in the 
pressure range of 5.5–9.7 MPa. The yields of C3+ alcohol versus the CO conversion is given in 
Figure S15. It shows that the maximum yield is achieved at 11.7 MPa at 360 and 380 °C, while 
at 340 °C the maximum yield is reached at 8.7 MPa. 
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Figure S11. Effect of temperature on CO conversion and product selectivity over K-CoMoSx-
0.13 catalyst. Reaction conditions: 8.7 MPa, GHSV=4500 mL g-1 h-1, H2/CO=1. 



































Carbon number (n)  
Figure S12. ASF plots of alcohol distributions over K-Co-MoSx-0.13 catalyst at different 
temperature. Reaction conditions: 8.7 MPa, GHSV=4500 mL g-1 h-1, H2/CO=1. 
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Figure S13. Effect of pressure on CO conversion and product selectivity over K-CoMoSx-0.13 
catalyst. Reaction conditions: 360 °C, GHSV=4500 mL g-1 h-1, H2/CO=1. 
 











































Carbon number (n)  
Figure S14. ASF plots of alcohol distributions over K-Co-MoSx-0.13 catalyst at different 
pressure. Reaction conditions: 360 °C, GHSV=4500 mL g-1 h-1, H2/CO=1. 

































Figure S15. C3+ alcohol yield as a function of CO conversion over K-Co-MoSx-0.13 catalyst 
under different temperature & pressure. Reaction conditions: GHSV=4500 mL g-1 h-1, H2/CO=1. 
The effect of GHSV was investigated in the range of 4500–27000 mL g-1 h-1 (360 °C, 11.7 MPa, 
and a H2/CO ratio of 1) over the K-Co-MoSx-0.13 catalyst and the results are given in Figure 
S16. At higher GHSV values, the CO conversion decreases, and the selectivity to CO2 and 
hydrocarbons also decreases. The selectivity to alcohols in general and C3+ alcohol in 
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Figure S16. Effect of GHSV on CO conversion and product selectivity over K-CoMoSx-0.13 
catalyst. Reaction conditions: 360 °C, pressure=11.7 MPa, H2/CO=1. 
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Increasing methanol selectivity and decreasing C2+ alcohol selectivity were mostly reported 
for high space velocity. 8-10 Methanol could be converted to higher alcohols through carbon 
chain growth, 11 which might then be transformed to hydrocarbons with long contact time 
between reacting species and catalyst. The opposite effect of GHSV on CO conversion and C3+ 
alcohol selectivity results in the requirement of an intermediate space velocity for the 
improved production of C3+ alcohols (Figure S17). 
 
Figure S17. Effect of GHSV on C3+ alcohol yield over K-CoMoSx-0.13 catalyst. Reaction 
conditions: 360 °C, 11.7 MPa, H2/CO=1. 
The effect of H2/CO ratio was investigated in the range of 1–2 (360 °C, 11.7 MPa, GHSV of 4500 
mL g-1 h-1) over the optimized K-Co-MoSx-0.13 catalyst and the results are given in Figure S18. 
Higher H2/CO ratios lead to an increase in the CO conversion. The selectivity to alcohols slightly 
decreases and some more hydrocarbons are formed. 
The amount of higher alcohols is considerably lower at higher CO/H2 ratios, rationalized by 
the fact that the rate of chain growth is reduced at higher hydrogen partial pressures. These 
observations are also consistent with previous investigations. 12-14 For instance, Christensen 
et al. found that higher H2/CO ratios are beneficial for methanol synthesis over alkali modified 
cobalt molybdenum sulfide catalyst and the production of higher alcohols is optimal with 
H2/CO ratio of 1 in the range of 0.1–10. 14 In consideration of the formation of C3+ alcohols, 
the selectivity loss at higher H2 content could be neutralized by the enhanced CO conversion 
with increasing H2/CO ratio, which shows the similar effect with pressure. Under the 





temperature of 360 and 380 °C, the maximum C3+ alcohol yield could be achieved with H2/CO 
ratio of 1, while it could be reached with H2/CO ratio of 1.5 under 340 °C (Figure S19), which 
suggests that high temperature and moderately high H2/CO ratio are exclusive to achieve the 
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Figure S18. Effect of H2/CO ratio on CO conversion and product selectivity over K-CoMoSx-0.13 
catalyst. Reaction conditions: 360 °C, pressure=11.7 MPa, GHSV=4500 mL g-1 h-1. 
 


























Figure S19. C3+ alcohol yield as a function of CO conversion over K-Co-MoSx-0.13 catalyst 
under different temperature and H2/CO ratio. Reaction conditions: 11.7 MPa. GHSV=4500 mL 
g-1 h-1. 
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Table S5. Analysis of variance for reduced quadratic model on C3+ alcohol yield. 
Source Seq. SSa MSb DFc F-value p-value 
Model 195.35 27.91 7 60.97 <0.0001 
Pressure 0.4666 0.4666 1 1.02 0.3194 
Temperature 162.31 162.31 1 354.61 <0.0001 
GHSV 2.78 2.78 1 6.07 0.0186 
H2/CO ratio 7.37 7.37 1 16.61 0.0003 
Pressure × GHSV 3.44 3.44 1 7.51 0.0095 
Pressure2 2.51 2.51 1 5.48 0.0248 
GHSV2 6.93 6.93 1 15.14 0.0004 
a Sum of sequence; b Mean of sequence; c Degree of freedom. 
 
Table S6. Analysis of variance for reduced quadratic model on C3+ alcohol selectivity. 
Source Seq. SSa MSb DFc F-value p-value 
Model 2302.24 287.78 8 43.60 <0.0001 
Pressure 245.15 245.15 1 37.15 <0.0001 
Temperature 384.66 384.66 1 58.28 <0.0001 
GHSV 103.90 103.90 1 15.74 0.0003 
H2/CO ratio 282.02 282.02 1 42.73 <0.0001 
Pressure × GHSV 120.55 120.55 1 18.27 0.0001 
GHSV × Ratio 33.62 33.62 1 5.09 0.0304 
Pressure2 44.46 44.46 1 6.74 0.0137 
GHSV2 138.52 138.52 1 20.99 <0.0001 
a Sum of sequence; b Mean of sequence; c Degree of freedom. 



























Actual C3+ alcohols yield (%)  
Figure S20. Experimental and predicted values of C3+ alcohol yield over K-Co-MoSx-0.13 
catalyst. 
 




























Actual C3+ alcohols selectivity (%)  
Figure S21. Experimental and predicted values of C3+ alcohol selectivity over K-Co-MoSx-0.13 
catalyst. 




Figure S22. Surface response plot showing the effect of GHSV and pressure (P) on C3+ alcohol 
selectivity over the K-Co-MoSx-0.13 catalyst (380 °C, H2/CO molar ratio of 1). 
 















1 K-Co-MoSx-0.13 380 11.7 
13500 cm3 
gcat-1 h-1 
1 29.7 54.9 31 9.2% This work 
2 K-Co-MoSx-0.13 380 11.7 
27000 cm3 
gcat-1 h-1 
1 19.4 63.5 37.6 7.3% This work 
3 K-CoRhMoSx/CNT 330 8.3 
3600  cm3 
gcat-1 h-1 
1.25 ~25 86 25.2 ~6.3% 15 
4 K-CoMoSx/C-Al2O3 360 5 
760  cm3 
gcat-1 h-1 
1 18.2 64.8 34.6 6.3% 16 
5 K-MoSx 380 8.7 
4500 cm3 
gcat-1 h-1 
1 36.5 29.1 14 5.1% 17 
6 K-RhMoSx/CNT 320 9.7 
3600  cm3 
gcat-1 h-1 
1 44.7 32.1 8.4 3.8% 18 
7 K-CoMoSx/CNT 320 8.3 
3600  cm3 
gcat-1 h-1 
1 39.7 30.2 9.1 3.6% 19 
8 K-CoMoOx/AC 300 5 2400 h-1 2 47.3 25.1 7 3.3% 20 
9 K-RhMoP/SiO2 275 8.2 3960 h-1 2 18 38 <15% <2.7% 21 





   
   
 
   



































11 KCoMoSx/AC 270 14.5 1879 h-1 1.1 38.5 66.7 5.2 2.0% 23 
12 K-MoSx/C/MMO 310 10.3 
1497 cm3 
gcat-1 h-1 
1 12 35 12.5 1.5% 24 
13 K-NiMoSx/MMO 350 5 
3200  cm3 
gcat-1 h-1 
1 9.5 52.3 15.3 1.5% 25 
14 K-NiMoOx/Ni-CNT 285 8 
10000 cm3 
gcat-1 h-1 
1 15 63 8.7 1.3% 26 
15 K-NiMoSx/CNT 320 8 
4000 cm3 
gcat-1 h-1 
1 13 40 10 1.3% 27 
16 K-MoP/SiO2 275 8.2 3960 h-1 1 8 42 <13.8 <1.1% 21 
17 K-NiMoOx/CNT 265 5 
5000 cm3 
gcat-1 h-1 
1 14 49 5 0.7% 28 
18 K-NiWMoSx/MMO 350 5 
2250  cm3 
gcat-1 h-1 
1 7.4 80.5 ~8.1 ~0.6% 29 






1 29 40.1 N.A. N.A. 30 
21 K-NiMoSx/Al2O3-mont 280 10 2400 h
-1 2 62 50 N.A. N.A. 31 
22 K-FeMo2C 360 8 2000 h-1 1 73 19 N.A. N.A. 32 
a Reaction temperature; b Reaction pressure; c Gas hourly space velocity; d CO conversion; e Liquid oxygenates 
selectivity; f C3+ alcohol selectivity; g C3+ alcohol yield. 
 
References 
1. Dorokhov, V. S.;  Ishutenko, D. I.;  Nikul’shin, P. A.;  Eliseev, O. L.;  Rozhdestvenskaya, N. N.;  
Kogan, V. M.; Lapidus, A. L., The mechanism of synthesis gas conversion to alcohols catalyzed by 
transition metal sulfides. Doklady Chemistry 2013, 451 (1), 191-195. 
2. Jalowiecki, L.;  Grimblot, J.; Bonnelle, J. P., Quantitative detection of reactive hydrogen on 
MoS2/γ-Al2O3 and on γ-Al2O3. Journal of Catalysis 1990, 126 (1), 101-108. 
3. Boahene, P. E.; Dalai, A. K., Higher Alcohols Synthesis: Experimental and Process Parameters 
Study over a CNH-Supported KCoRhMo Catalyst. Industrial & Engineering Chemistry Research 
2017, 56 (46), 13552-13565. 
4. Boz, I.;  Sahibzada, M.; Metcalfe, I. S., Kinetics of the higher alcohol synthesis over a K-promoted 
CuO/ZnO/Al2O3 catalyst. Industrial & engineering chemistry research 1994, 33 (9), 2021-2028. 
5. Majocchi, L.;  Lietti, L.;  Beretta, A.;  Forzatti, P.;  Micheli, E.; Tagliabue, L., Synthesis of short chain 
alcohols over a Cs-promoted Cu/ZnO/Cr2O3 catalyst. Applied Catalysis A: General 1998, 166 (2), 
393-405. 
6. Toyoda, T.;  Minami, T.; Qian, E. W., Mixed alcohol synthesis over sulfided molybdenum-based 
catalysts. Energy & Fuels 2013, 27 (7), 3769-3777. 
7. Youchang, X.;  Naasz, B. N.; Somorjai, G. A., Alcohol synthesis from Co and H2 over molybdenum 
sulfide. The effect of pressure and promotion by potassium carbonate. Applied Catalysis 1986, 
27 (2), 233-241. 
8. Storm, D. A., The production of higher alcohols from syngas using potassium promoted 
Co/Mo/A12O3 and Rh/Co/Mo/A12O3. Topics in Catalysis 1995, 2 (1-4), 91-101. 
9. Smith, K. J.; Anderson, R. B., A chain growth scheme for the higher alcohols synthesis. Journal of 
Catalysis 1984, 85 (2), 428-436. 
Chapter 3  
132 
 
10. Andersson, R.;  Boutonnet, M.; Järås, S., Correlation patterns and effect of syngas conversion 
level for product selectivity to alcohols and hydrocarbons over molybdenum sulfide based 
catalysts. Applied Catalysis A: General 2012, 417-418, 119-128. 
11. Subramani, V.; Gangwal, S. K., A Review of Recent Literature to Search for an Efficient Catalytic 
Process for the Conversion of Syngas to Ethanol. Energy & Fuels 2008, 22 (2), 814-839. 
12. Park, T. Y.;  Nam, I.-S.; Kim, Y. G., Kinetic analysis of mixed alcohol synthesis from syngas over 
K/MoS2 catalyst. Industrial & engineering chemistry research 1997, 36 (12), 5246-5257. 
13. Zhang, J.;  Wang, Y.; Chang, L., Sulfide catalyst for methanol synthesis, its reactivity and 
characterization. I. Catalyst preparation and catalytic properties. Applied Catalysis A: General 
1995, 126 (2), L205-L218. 
14. Christensen, J. M.;  Jensen, P. A.; Jensen, A. D., Effects of feed composition and feed impurities 
in the catalytic conversion of syngas to higher alcohols over alkali-promoted cobalt–
molybdenum sulfide. Industrial & Engineering Chemistry Research 2011, 50 (13), 7949-7963. 
15. Boahene, P. E.;  Surisetty, V. R.;  Sammynaiken, R.; Dalai, A. K., Higher alcohol synthesis using K-
doped CoRhMoS2/MWCNT catalysts: influence of pelletization, particle size and incorporation 
of binders. Topics in Catalysis 2014, 57 (6-9), 538-549. 
16. Dorokhov, V. S.;  Permyakov, E. A.;  Nikulshin, P. A.;  Maximov, V. V.; Kogan, V. M., Experimental 
and computational study of syngas and ethanol conversion mechanisms over K-modified 
transition metal sulfide catalysts. Journal of catalysis 2016, 344, 841-853. 
17. Zeng, F.;  Xi, X.;  Cao, H.;  Pei, Y.;  Heeres, H. J.; Palkovits, R., Synthesis of mixed alcohols with 
enhanced C3+ alcohol production by CO hydrogenation over potassium promoted molybdenum 
sulfide. Applied Catalysis B: Environmental 2019, 246, 232-241. 
18. Surisetty, V. R.;  Dalai, A. K.; Kozinski, J., Effect of Rh promoter on MWCNT-supported alkali-
modified MoS2 catalysts for higher alcohols synthesis from CO hydrogenation. Applied Catalysis 
A: General 2010, 381 (1), 282-288. 
19. Surisetty, V. R.;  Dalai, A. K.; Kozinski, J., Synthesis of higher alcohols from synthesis gas over Co-
promoted alkali-modified MoS2 catalysts supported on MWCNTs. Applied Catalysis A: General 
2010, 385 (1-2), 153-162. 
20. Lv, M.;  Xie, W.;  Sun, S.;  Wu, G.;  Zheng, L.;  Chu, S.;  Gao, C.; Bao, J., Activated-carbon-supported 
K–Co–Mo catalysts for synthesis of higher alcohols from syngas. Catalysis Science & Technology 
2015, 5 (5), 2925-2934. 
21. Zaman, S. F.; Smith, K. J., Synthesis gas conversion over a Rh–K–MoP/SiO2 catalyst. Catalysis 
today 2011, 171 (1), 266-274. 
22. Konarova, M.;  Tang, F.;  Chen, J.;  Wang, G.;  Rudolph, V.; Beltramini, J., Nano-and Microscale 
Engineering of the Molybdenum Disulfide-Based Catalysts for Syngas to Ethanol Conversion. 
ChemCatChem 2014, 6 (8), 2394-2402. 
23. Iranmahboob, J.; Hill, D. O., Alcohol Synthesis from Syngas over K2CO3/CoS/MoS2 on Activated 
Carbon. Catalysis Letters 2002, 78 (1), 49-55. 
24. Claure, M. T.;  Chai, S.-H.;  Dai, S.;  Unocic, K. A.;  Alamgir, F. M.;  Agrawal, P. K.; Jones, C. W., 
Tuning of higher alcohol selectivity and productivity in CO hydrogenation reactions over K/MoS2 
domains supported on mesoporous activated carbon and mixed MgAl oxide. Journal of catalysis 
2015, 324, 88-97. 
25. Yong, J.;  Luan, X.;  Dai, X.;  Zhang, X.;  Qiao, H.;  Yang, Y.; Huang, X., Tuning the metal–support 
interaction in supported K-promoted NiMo catalysts for enhanced selectivity and productivity 
towards higher alcohols in CO hydrogenation. Catalysis Science & Technology 2017, 7 (18), 4206-
4215. 
26. Ma, C.-H.;  Li, H.-Y.;  Lin, G.-D.; Zhang, H.-B., Ni-decorated carbon nanotube-promoted Ni–Mo–K 
catalyst for highly efficient synthesis of higher alcohols from syngas. Applied Catalysis B: 
Environmental 2010, 100 (1-2), 245-253. 
27. Wang, J.-J.;  Xie, J.-R.;  Huang, Y.-H.;  Chen, B.-H.;  Lin, G.-D.; Zhang, H.-B., An efficient Ni–Mo–K 
sulfide catalyst doped with CNTs for conversion of syngas to ethanol and higher alcohols. Applied 
Catalysis A: General 2013, 468, 44-51. 





28. Ma, C.-H.;  Li, H.-Y.;  Lin, G.-D.; Zhang, H.-B., MWCNT-supported Ni–Mo–K catalyst for higher 
alcohol synthesis from syngas. Catalysis letters 2010, 137 (3-4), 171-179. 
29. Luan, X.;  Yong, J.;  Dai, X.;  Zhang, X.;  Qiao, H.;  Yang, Y.;  Zhao, H.;  Peng, W.; Huang, X., Tungsten-
Doped Molybdenum Sulfide with Dominant Double-Layer Structure on Mixed MgAl Oxide for 
Higher Alcohol Synthesis in CO Hydrogenation. Industrial & Engineering Chemistry Research 
2018, 57 (31), 10170-10179. 
30. Dorokhov, V. S.;  Ishutenko, D. I.;  Nikul’shin, P. A.;  Kotsareva, K. V.;  Trusova, E. A.;  Bondarenko, 
T. N.;  Eliseev, O. L.;  Lapidus, A. L.;  Rozhdestvenskaya, N. N.; Kogan, V. M., Conversion of 
synthesis gas into alcohols on supported cobalt-molybdenum sulfide catalysts promoted with 
potassium. Kinetics and Catalysis 2013, 54 (2), 243-252. 
31. Liu, Y.;  Murata, K.; Inaba, M., Synthesis of mixed alcohols from synthesis gas over alkali and 
Fischer–Tropsch metals modified MoS2/Al2O3-montmorillonite catalysts. Reaction Kinetics, 
Mechanisms and Catalysis 2014, 113 (1), 187-200. 
32. Xiang, M.;  Li, D.;  Li, W.;  Zhong, B.; Sun, Y., K/Fe/β-Mo2C: A novel catalyst for mixed alcohols 
synthesis from carbon monoxide hydrogenation. Catalysis Communications 2007, 8 (1), 88-90. 
  
Chapter 3  
134 
 
 
 
